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ABSlRACT 

This  paper b r i e f l y  describes both recent  and ongoing s tud ies being conducted t o  
assess the emissions of hazardous and t o x i c  substances from a v a r i e t y  o f  coal- 
f i r e d  e l e c t r i c  u t i l i t y  power generation systems. Recent developments i n  the  
ana ly t i ca l  methodology requi red t o  measure low l e v e l s  o f  t o x i c  metals associated 
w i t h  f l y a s h  are presented. Also, cu r ren t  and f u t u r e  U.S. Department o f  Energy 
plans t o  augment these assessments are discussed. 

INTRODUCTION 

The t race elements associated w i t h  the mineral mat ter  i n  coal  and t h e  var ious 
compounds formed dur ing coal combustion have the p o t e n t i a l  t o  produce a i r  t o x i c  
emissions from c o a l - f i r e d  e l e c t r i c  u t i l i t i e s .  The recen t l y  enacted Clean A i r  Act 
Amendments (CAAA) conta in  prov is ions t h a t  w i l l  se t  standards f o r  t he  al lowable 
emissions o f  190 hazardous a i r  p o l l u t a n t s  (HAPS). These 190 a i r  t o x i c s  can be 
associated w i t h  any number o f  source categor ies t h a t  emit p o l l u t a n t s  t o  the  
environment. Many o f  these HAPS could poss ib l y  be emi t ted from c o a l - f i r e d  
e l e c t r i c  generating s tat ions.  Coal - f i red e l e c t r i c  u t i l i t y  b o i l e r s  w i l l  be 
studied by the  Environmental Protect ion Agency (EPA) t o  determine i f  regu la t i on  
i s  appropriate and necessary. 

When coal i s  combusted, t race  elements associated w i t h  the  mineral mat ter  are 
released i n  both s o l i d  and vaporized forms. Those t r a c e  elements no t  vaporized 
dur ing combustion w i l l  r e p o r t  t o  the bottom ash stream o r  e x i t  the combustor as 
p a r t i c u l a t e  mat ter .  The t race  elements t h a t  are vaporized du r ing  combustion w i l l  
e x i t  the combustor as gases, condense e i t h e r  as submicron p a r t i c l e s ,  o r  on the 
surface o f  p a r t i c u l a t e  mat ter  i n  the f l u e  gas stream. The condensation o f  t race  
elements on p a r t i c l e s  r e s u l t s  i n  an enrichment i n  concentrat ion o f  s p e c i f i c  
elements ( l ) ,  as shown i n  Table 1. 

During t h e  f i r s t  phase o f  a two-phase program, the Canadian E l e c t r i c  Associat ion 
(2) conducted a study t o  examine a i r ,  water, and ash pathways f o r  t race  
const i tuents  released t o  the environment from fou r  Canadian c o a l - f i r e d  generating 
s tat ions.  A l l  t he  major i n p u t  and output  streams o f  the u t i l i t y  p l a n t  were 
sampled f o r  up t o  45 elements i n  add i t i on  t o  p o l y c y c l i c  aromatic hydrocarbons. 
Mater ia l  balances were made based on the average o f  several runs. Mater ia l  
balance closures t o  w i t h i n  20% were found f o r  37 elements. Closure was no t  
obtained f o r  f l uo r ine ,  s i1  icon, phosphorus, cadmium, mercury, and boron. Table 2 
summarizes the  emission o f  elements which are on the EPA HAPS l i s t  from the 
Canadian E l e c t r i c  Associat ion study o f  c o a l - f i r e d  power p lan ts .  The second phase 
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of the program dealt with the environmental dispersion and biological 
implications of the release. 

The Electric Power Research Institute (EPRI) has begun to assess the emissions 
from power plants under the PISCES (Power Plant Integrated Systems: Chemical 
Emission Studies) program. The first activity consisted of an exhaustive 
literature review to obtain as much existing data as possible on the emission of 
chemical species from power plants (3). This data was organized into a database 
that contains information on both individual power plants and on the chemical 
characteristics of various streams within those plants. The PISCES literature 
study also served to identify gaps in the existing data on power plant emissions. 
The second major activity within the PISCES program is the Field Chemical 
Emissions Monitoring project which involves the use of a consistent and 
comprehensive analytical protocol to evaluate all inputs and outputs of the 
pollution control subsystems and all the process streams at the utility for HAPS. 
To date, the EPRI study has’gathered analytical information at ten utility sites 
for 24 of the 190 hazardous pollutants listed in Title 111 of the CAAA. 

Conventional air pollution control subsystems have the potential to remove many 
of the air toxic emissions from flue gas generated from the combustion of coal. 
However, there is a lack of precise analytical data on the removal of toxics 
across environmental control devices, such as electrostatic precipitators, 
baghouses, and wet limestone scrubbers. The relative concentrations of some of 
the toxic materials could also be increased as a result of using these 
technologies, or toxics could be formed when chemicals are added to the flue gas 
stream to increase particulate collection efficiency. Further, some of the more 
advanced SO, and NO, mitigation technologies involve furnace injection of a 
sorbent and combustion modification, respectively, and could influence the 
distribution of toxics between the bottom ash and flue gas streams. To date, 
little information exists on the effects these advanced technologies have on the 
amounts of toxic substances formed in the combustion zone. 

CURRENT DOE AIR TOXICS INVESTIGATIONS 

The Pittsburgh Energy Technology Center (PETC) of the U.S.  Department of Energy 
(DOE) has two current investigations, initiated before passage of the C A M ,  that 
will determine the air toxic emissions from coal-fired electric utilities. DOE 
has contracted with Battelle Memorial Institute and Radian Corporation to conduct 
studies focusing on the potential air toxics, both organic and inorganic, 
associated with different size fractions of fine particulate matter emitted from 
power plant stacks. Table 3 indicates the selected analytes to be investigated 
during these studies. PETC is also developing guidance on the monitoring of HAPS 
to be incorporated in the Environmental Monitoring Plans for the demonstration 
projects in the DOE Clean Coal Technology Program. 

Battelle Memorial Institute 

Battelle Memorial Institute and its subcontractor, KeystonelNEA, will correlate 
the air toxics produced by a laboratory combustor with those from two operating 
coal-fired electric utility boilers. A characterization of air toxics associated 
with the surfaces of fine particles and vapor phase constituents of the stack 
flue gas of the selected coal-fired units will be made. Both the diluted, cooled 
flyash particles with adsorbed and condensed material on the surfaces and the hot 
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gas flyash particles will be collected in three size fractions from the stacks. 
These size fractions are <0.6, 0.6-2.0, and 2.0-0.5 microns. 

An innovative source dilution sampler will be utilized to simulate plume cooling 
and collect the diluted, cooled particles that may have an increased 
concentration of certain toxic substances. The hot gas samples, particulate and 
vapor phase, will be collected by EPA Modified Method 5 procedures. The 
differences in the two samples will provide information on the characteristics 
of the overall composition of fine particles, particularly materials of air toxic 
concern. 

Laboratory studies can be more useful under certain circumstances than full-scale 
studies because these studies provide the flexibility to examine emissions from 
developing pollution control technologies (i .e., furnace and duct sorbent 
injection, flue gas conditioning, and various combustion configurations). The 
coals used by the two coal-fired electric utilities will be used in the 
laboratory combustion studies, which will indicate the efficacy of using a well- 
controlled laboratory-scale combustor to simulate emissions from a full-scale 
unit. Additional results from the Battelle laboratory combustion work will 
include the further development of more advanced sampling methods for collection 
of flyash and vapor-phase constituents from flue gas. The results will also 
assist DOE and EPRI in determining which toxic substances to sample in future 
emissions characterization studies. 

Radian Corporation 

Radian Corporation will collect size-fractionated particles from the stack of a 
full-scale coal-fired utility boiler and characterize the particles for both bulk 
and surface chemical composition. The sampling will take place over two 
different time periods ranging from three to four weeks. This will enable the 
collection of fine particles during a high-load season (winter), a lower-load 
season (spring), and load swings. Particulate samples will be collected from the 
stack effluent under both hot-stack and dilution-cooled conditions. 

A source dilution sampler will be utilized to simulate the cooling and dilution 
that the flue gases and particles experience while entering the atmosphere at the 
stack exit. A relationship will be sought between the chemical materials found 
and the size of particles. Also, the effects of cooling and dilution upon the 
surface condensation of volatile species will be evaluated and characterized. 
In addition, the carbon content o f  the particulate matter will be determined in 
an attempt to correlate any organic compounds found on the dilution-sample 
particulate with the amount of carbon in the flyash. 
To date, Radian has evaluated several sample preparation and analysis procedures 
in order to select two bul k-composition and three surface-leaching techniques to 
use on the size-fractionated flyash samples collected from both the hot stack gas 
and the cooled stack gas from the dilution sampler. To accurately evaluate these 
methods, a coal flyash was selected that is certified by Bramer Standard Company 
for 29 trace metals bg/g) and 8 major metals (wt.%), and is sieved instead of 
ground to produce a homogenous sample of ash particles less than 80 microns in 
size. Metals targeted for analysis and low detection limits were arsenic, 
barium, beryl1 ium, cadmium, chromium, copper, cobalt, lead, manganese, mercury, 
molybdenum, nickel, selenium, and vanadium. These metals were chosen because of 
their known toxic properties, presence on the C A M ’ s  list of hazardous 
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substances, o r  suspected occurrence i n  f l u e  gas streams from c o a l - f i r e d  u t i l i t y  
bo i l e rs .  

Tota l  composition of t he  f lyash p a r t i c l e s  was determined by neutron a c t i v a t i o n  
and glow discharge mass spectrometry (GDMS). Acceptable recoveries, defined as 
80-120% o f  the standard’s c e r t i f i e d  value, were obtained by neutron a c t i v a t i o n  
analysis f o r  Ba, Co, Cu, Mn, and V. Chromium and arsenic recover ies were only  
s l i g h t l y  outs ide t h i s  range a t  124 and 127 percent, respec t i ve l y .  The 
r e p r o d u c i b i l i t y  was acceptable ( l ess  than 20% r e l a t i v e  standard dev iat ion,  RSD) 
f o r  a l l  t he  ta rge t  elements except Cd, Cu, and Hg. Cadmium, lead, and be ry l l i um 
were not  detected by neutron ac t i va t i on .  GDMS analys is  provided acceptable 
recovery (80-120%) f o r  two elements, chromium and copper. Recovery o f  t he  
remaining elements was biased low and ranged from 16 t o  86% recovery. The 
r e p r o d u c i b i l i t y  was acceptable (<20% RSD) f o r  a l l  t a r g e t  analytes except 
molybdenum and cadmium, which were no t  detected. 

The primary focus o f  the methods evaluat ion p lan was t o  determine methods t h a t  
could leach o r  d i sso l ve  metals from the surface o f  f l yash  p a r t i c l e s .  The f i v e  
leaching agents s tud ied were chosen based on e i t h e r  s e l e c t i v i t y  f o r  t he  metals 
o f  i n te res t ,  the method’s s i m i l a r i t y  t o  chemical o r  b i o l o g i c a l  processes, or  as 
modif icat ions o f  an establ ished method. The f i v e  methods were 1) a n i t r i c  ac id  
d igest ion technique t h a t  i nd i ca tes  the maximum amount o f  ma te r ia l  ava i l ab le  from 
the a lumina-s i l ica f l yash  ma t r i x  (€PA Method 3050); 2) an ace t i c  ac id  leaching 
so lu t i on  prepared according t o  the T o x i c i t y  Charac te r i s t i cs  Leaching Procedure 
t o  a pH o f  4.93 t o  simulate environmental a v a i l a b i l i t y ;  3) a simulated g a s t r i c  
f l u i d  made from HC1, pepsin, and NaCl buf fered t o  pH 1.2; 4) a simulated lung 
f l u i d  prepared from phosphate buffered (pH 7.5) sa l i ne  s o l u t i o n  conta in ing bovine 
serum (albumin) and dextrose; and 5) a chelat ing agent s p e c i f i c  f o r  arsenic  and 
chromium cons is t i ng  o f  buf fered (pH 4.4) ammonium p y r r o l  idine-N-dithiocarbamate 
so lut ion.  

For a l l  f i v e  methods, 100 mg o f  the c e r t i f i e d  f l yash  was t reated.  The three 
ana ly t i ca l  techniques used f o r  the analysis o f  the leachate samples included 
induc t i ve l y  coupled argon plasma emission spectrophotometry ( I C P ) ,  g raphi te  
furnace atomic absorption spectrophotometry (GFAA), and i n d u c t i v e l y  coupled argon 
plasma mass spectrometry (ICP-MS). Results o f  the ICP,  GFAA, and ICP-MS analysis 
o f  these leachate samples provided a c lea r  i n d i c a t i o n  t h a t  the ana ly t i ca l  
method’s s e n s i t i v i t y  and p rec i s ion  are very important. ICP-MS provided lower 
detect ion l i m i t s  than I C P  o r  GFAA for  a l l  the matrices tested.  ICP-MS has the  
advantage o f  de tec t i ng  elements from Be t o  U (mass 9 t o  238) w i t h  quan t i t a t i on  
l eve l s  o f  20 ng/mL t o  0.1 mg/mL. Detection l i m i t s  f o r  14 metals i n  t h i s  
evaluation ranged from 0.002 t o  0.13 ng/mL. The detect ion l i m i t s  are 10 t o  100 
times lower than I C P  o r  ,GFAA. BY ICP-MS, the RSD f o r  n i t r i c  ac id  d iges t i on  
samples was <20% f o r  a l l  t a r g e t  elements except Cd (34% RSD), Cu (25% RSD), and 
Pb (36% RSD). These d i l u t e d  samples had elemental concentrat ions l ess  than 3 
ng/mL f o r  a l l  t a r g e t  analytes. With respect t o  the I C P  and GFAA analyses, on ly  
arsenic (1% RSD), be ry l l i um (7% RSD), chromium (120% RSD), copper (27% RSD), lead 
(59% RSD), n i cke l  (40% RSD), selenium (1900% RSD), and vanadium (5% RSD) were 
detected. S im i la r  r e s u l t s  were obtained on the other  leachate samples, except 
the simulated lung f l u i d  sample whose increased v i s c o s i t y  presented sample 
asp i ra t i on  problems, i n d i c a t i n g  the super io r i t y  o f  the ICP-MS technique. 

The n i t r i c  ac id  d igest ion,  g a s t r i c  f l u id ,  and ace t i c  ac id  leach are the three 
methods chosen based on the performance c r i t e r i a  when analyzed by ICP-MS. ICP-MS 
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provides lower  detect ion 1 i m i t s  and improved p rec i s ion  than prev ious ly  obtained 
by conventional ICP o r  GFAA methods. 

FUTURE TOXIC EMISSION STUDIES 

A co l l abo ra t i ve  e f f o r t  has been i n i t i a t e d  by the DOE, the U t i l i t y  A i r  Regulatory 
Group (UARG), EPRI,  and the  EPA t o  expand the study of hazardous p o l l u t a n t  
emissions from u t i l i t y  b o i l e r s .  Th i s  e f f o r t  w i l l  i nvo l ve  measurements a t  a 
number o f  power p lan ts  having d i f f e r e n t  b o i l e r  designs, NO, con t ro l  methods, 
p a r t i c u l a t e  con t ro l  devices, and SO, removal systems (wet and d ry ) .  From these 
measurements, the EPA expects t o  p r e d i c t  t he  p o t e n t i a l  a i r  t o x i c  emissions from 
coa l - f i r ed  b o i l e r s  i n  1995 and 2000 ( a f t e r  con t ro l s  are i n s t a l l e d  t o  meet the  
requirements o f  t he  ac id  r a i n  t i t l e  o f  t he  CAAA). Measurements from p lan ts  
f i r i n g  bituminous o r  subbituminous coal  w i l l  be used t o  evaluate the e n t i r e  range 
of e x i s t i n g  power p l a n t  conf igurat ions and w i l l  form the bas is  f o r  t h i s  study. 

DOE has issued a s o l i c i t a t i o n  f o r  proposals t o  assess se lected hazardous/toxic 
po l l u tan ts  from a number o f  u t i l i t i e s  t h a t  u t i l i z e  d i f f e r e n t  p o l l u t i o n  con t ro l  
and process subsystems wh i l e  burning e i t h e r  bituminous o r  subbituminous coal .  
The power p lan t  con f igu ra t i ons  addressed i n  t h i s  s o l i c i t a t i o n  are given i n  
Table 4. Object ive o f  t h i s  s o l i c i t a t i o n  are t o  determine the  removal 
e f f i c i e n c i e s  o f  p o l l u t i o n  con t ro l  subsystems f o r  se lected p o l l u t a n t s  and the  
concentrat ions o f  p o l l u t a n t s  associated w i t h  the p a r t i c u l a t e  f r a c t i o n  o f  the f l u e  
gas stream as a func t i on  o f  p a r t i c l e  size. A f u r t h e r  ob jec t i ve  i s  t o  determine 
mass balances f o r  selected p o l l u t a n t s  f o r  a v a r i e t y  o f  d i f f e r e n t  i npu t  and output 
streams o f  the power p lan ts  and subsequently f o r  t he  e n t i r e  power p lan t .  

Results from a l l  the DOE studies w i l l  p rov ide i npu t  t o  the  congressional ly 
mandated study being conducted by t h e  EPA t o  assess the impacts o f  the l i s t e d  
HAPS emissions from c o a l - f i r e d  e l e c t r i c  u t i l i t i e s ,  as requi red i n  T i t l e  111 o f  
the  CAAA of 1990. I n  addi t ion,  the data w i l l  p rov ide a bas is  f o r  evaluat ing the 
po ten t i a l  e f f e c t s  o f  a i r  t o x i c s  regu la t i on  on e x i s t i n g  p o l l u t i o n  con t ro l  and 
a u x i l i a r y  processes being u t i l i z e d  a t  e l e c t r i c  u t i l i t i e s  and on the 
commercial izat ion o f  technologies demonstrated under the Clean Coal Technology 
Program. 
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Table 1. Comparison o f  Elemental Concentrat ions i n  S i z e - C l a s s i f i e d  
Flyash Frac t ions  (Concentrations i n  pg /g  unless i n d i c a t e d  by %) 

Element 
Aluminum, % 
Barium, % 
Calcium, % 
I ron ,  % 
Magnesium, % 
Potassium, % 
S i l i c o n ,  % 
Sodium, % 
Su l fu r ,  % 
Titanium, % 

Antimony' 
Arsenic 
Beryl  1 ium' 
Cadmi um' 
Cer i  um 
Cesium 
Chromium' 
Cobalt ' 
Copper 
Dysprosium 
Europium 
Gal l ium 
Hafnium 
Lantbanum 
Lead 
Manganese' 
Neodymj urn 
N icke l  
Rubidium 
Samari urn 
Scandium 
Selenium' 
S t r o n t i  um 
Tantal urn 
Terbium 
Thorium 
Uranium 
Vanadium 
Tungsten 
Y t t e r b i  um 
Zinc 

F r a c t i o n  !, 
18.5 urn 

13.8 
0.168 
2.1 
2.51 
0.47 
0.74 

1.22 
0.101 
0.62 

2.6 
13.7 
6.3 
0.4 

113.0 
3.2 

28.0 
8.9 

56.0 
6.9 
1.0 

43.0 
9.7 

62.0 
73.0 

208.0 
45.0 
25.0 
51.0 
8.2 

12.6 
19.0 

410.0 

29.6 

2.06 
0.90 

25.8 
8.8 

86.0 
3.4 
3.4 

68.0 

F r a c t i o n  
6.0 um 

14.4 
0.245 
2.23 
3.09 
0.56 
0.80 

1.75 
0.304 
0.74 

8.3 
56.0 
8.5 
1.6 

122.0 
3.7 

53.0 
17.7 
89.0 

8.5 
1.2 

116.0 
10.3 
68.0 

169.0 
231.0 
47.0 
37.0 
56.0 
9.1 

15.3 
59.0 

540.0 
2.3 
1.06 

28.0 

28.3 , 

16.0 
178.0 

9.0 
4.1 

189.0 

NOTE: These data were taken from Reference 1. 

*Denotes element i s  contained on EPA HAPS l i s t .  
**Aerodynamic c u t  s izes.  
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F r a c t i o n  ?. 
3.7 urn 

13.3 
0.31 
2.3 
3.04 
0.60 
0.82 

1.81 
0.425 
0.73 

27.5 

13.0 
87.0 

9.5 
2.8 

123.0 
3.7 

64.0 
20.3 

107.0 
8.1 
1.2 

140.0 
10.5 
67.0 

226.0 
269.0 

49.0 
43.0 
57.0 
9.2 

15.8 
78.0 

590.0 
2.5 
1.10 

29.0 
22.0 

244.0 
16.0 
4.0 

301.0 

Fraction..4 
2.4 urn 

13.9 
0.41 
2.36 
3.2 
0.63 
0.81 

1.85 
0.711 
0.77 

26.8 

20.6 
132.0 

10.3 
4.6 

120.0 
3.7 

68.0 
21.8 

137.0 
8.5 
1.3 

178.0 
10.3 
69.0 

278.0 
309.0 

52.0 
40.0 
57.0 

9.7 
16.0 

198.0 
700.0 

2.7 
1.13 

30.0 
29.0 

327.0 
24.0 
4.2 

590.0 



Table 2. Flue Gas Trace Element Releases from 
Selected Canadian Coal-Fired Power Plants 

Element 

Chlorine 
Chromi urn 
Manganese 
Cobalt 
Arsenic 
Sel eni urn 
Antimony 
Mercury 
Lead 

% of Total Element i n  Coal 
Released with the Flue Gas 

49 
0.1 
0.1 
0.09 
0.74 
3.5 
0.2 
79.0 
0.2 

- 99.0 
- 8.7 
- 1.0 
- 1.5 
- 9.3 
- 1 3 . 0  
- 2.5 
- 87.0 
- 1.4 

Table 3. Compounds and Elements for the Battelle 
and Radian Air Toxics Studies 

Arsenic 
Bari um 
Beryl 1 i urn 
Cadmium 
Chromi urn 
Chlorine (as C1.) 
Cobalt 
Copper 
Cyanide 
Fluorine (as F-) 

Lead 
Manganese 
Mercury 
Molybdenum 
Nickel 
Phosphorus (as  PO4%) 
Selenium 
Van ad i urn 

Ammonia 
Radionuclides (Ra, Po, U, e tc . )  
Sulfates 

Benzene 
To1 uene 
Formaldehyde 
Polycyclic Aromatic Hydrocarbons 
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